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Nuclear magnetic resonanceTetranucleotide CCTG repeat expansion is associated with myotonic dystrophy type 2, which is an
inherited and progressive muscle degeneration disease. Yet, no cure is available and the molecular
mechanism of repeat expansion remains elusive. In this study, we used high-resolution nuclear
magnetic resonance spectroscopy to reveal a mini-dumbbell structure formed by two CCTG repeats.
Upon slippage in the nascent strand during DNA replication, the formation of the mini-dumbbell
provides a possible pathway for a two-repeat expansion. In addition, fast exchange between two
competing mini-dumbbells among three repeats results in a mini-loop structure that accounts for
one-repeat expansion. These mini-dumbbell and mini-loop intermediates can also co-exist at mul-
tiple sites in CCTG repeats, leading to three or larger size repeat expansions.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Myotonic dystrophy (DM) is a complex multisystem disorder
with clinical features such as myotonia, muscular dystrophy, endo-
crine disorders, and cardiac-conduction defects [1]. Currently, two
distinct entities of DM, namely, myotonic dystrophy type 1 (DM1)
and myotonic dystrophy type 2 (DM2), have been defined by their
molecular genetic causes. DM1 is caused by trinucleotide CTG
repeat expansion in the 30 untranslated region of dystrophia
myotonica protein kinase (DMPK) gene [2], while DM2 is caused
by expansion of tetranucleotide CCTG repeats in intron 1 of the
zinc finger protein 9 (ZNF9) gene [3]. According to the data pro-
vided in the European Neuromuscular Centre International Work-
shop, the prevalence of DM2 patients shows an increasing trend
and is very close to the incidence of DM1 [4,5]. Although DM2 is
considered to be milder than DM1 in terms of their clinical pheno-
types [1,6], the expansion of CCTG repeats in DM2 is extremely
unstable and variable, ranging from 75 to 11000 repeats [7]. Thisunprecedented large-size of expansion yields variable clinical phe-
notypes which make the diagnosis difficult [8]. At present, there
remains no cure for DM2. A better understanding of the mutational
origin and genetic instability of CCTG repeats will benefit the
development of DM2 therapy.
The non-B secondary structures such as hairpin [9], dumbbell
[10,11], triplex [12] and quadruplex [13] formed by short tandem
repeats in the nascent strand during DNA replication have been
proposed to be the intermediates which stabilize the slipped
strand structures, thus leading to expansion mutations if not
repaired [14,15]. For CCTG repeats, solution nuclear magnetic res-
onance (NMR) spectroscopic studies have revealed two types of
non-B structures adopted by sequences containing three and four
repeats [10]. The first type is a slipped hairpin structure adopted
by three CCTG repeats (Fig. 1A). This hairpin comprises (i) a 2-nt
CT loop closed by a Watson–Crick CG base pair, and (ii) a stem con-
taining a TT mismatch and a shifting C-bulge. The second type is a
higher order dumbbell structure formed by four CCTG repeats
(Fig. 1B). This dumbbell comprises two 2-nt CT loops connected
by a stem with a TT mismatch and a shifting C-bulge, which
exchanges with a small population of another slipped hairpin
structure. These two non-B structures provide a possible explana-
tion for the occurrence of three or four-repeat expansion. The
higher order dumbbell has also been suggested to further promote
the formation propensity of non-B structures, resulting in a higher
rate of expansion mutation during DNA replication [10].
Recently, we have shown a mini-dumbbell structure formed by
simply two TTTA repeats [11]. This mini-dumbbell comprises two
Fig. 1. Two types of non-B secondary structures, namely, slipped hairpin and
dumbbell, have been identified in DNA sequences containing three and four CCTG
repeats [10]. (A) For a sequence containing three repeats, it adopts a slipped hairpin
structure comprising a 2-nt CT loop and a flexible stemwith a shifting C-bulge and a
TT mismatch. The C9-bulge conformer is the predominant species. (B) For a
sequence containing four repeats, it predominantly folds into a dumbbell structure
containing two CT loops. The dumbbell undergoes conformational exchange with a
small population of another slipped hairpin conformer.
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tic pathways that account for one and two-repeat expansions.
Since a 2-nt CT loop closed by a CG base pair has been observed
in a DNA hairpin [16], we speculate that two CCTG repeats can also
fold into a similar mini-dumbbell structure. As a result, we per-
formed high-resolution NMR spectroscopic investigations to eluci-
date the solution structure of a sequence containing two CCTG
repeats. Our results show that two CCTG repeats can also form a
mini-dumbbell structure. Potentially, this mini-dumbbell can
occur at single or multiple sites in CCTG repeats during DNA repli-
cation, rationalizing how different size repeat expansions occur.
2. Materials and methods
2.1. DNA samples
In order to determine if the mini-dumbbell structure can also be
formed by CCTG repeats, a DNA sample with the sequence contain-
ing two CCTG repeats was firstly prepared and it was named as ‘‘
(CCTG)2”. To investigate the reasons why no dumbbell formation
was observed in the sequence containing three CCTG repeats
[10], we also designed two additional sequences, namely CTTG
(CCTG)2 and (CCTG)2CTTG. In these designs, we replaced the second
cytosine with a thymine in the first or third repeat of a DNA
sequence containing three CCTG repeats so as to weaken the inter-
actions between the first and third repeats in the slipped hairpin
conformers (Fig. 1A) without reducing the loop formation propen-
sity in the repeat [17]. All DNA samples used in this study were
synthesized using an Applied Biosystems model 394 DNA synthe-
sizer. They were purified by denaturing polyacrylamide gel elec-
trophoresis (PAGE) and diethylaminoethyl Sephacel anion
exchange column chromatography, and finally desalted using Ami-
con Ultra-4 centrifugal filtering devices. NMR samples were pre-
pared by dissolving 0.5 lmol purified DNA into 500 lL buffer
solutions containing 10 mM sodium phosphate (pH 7.0), and
0.1 mM 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS).
2.2. NMR study
All NMR experiments were performed using two Bruker AV-500
spectrometers operating at 500.13 and 500.30 MHz, respectively.
For studying the labile protons, the samples were prepared in a
90% H2O/10% D2O buffer solution. One-dimensional (1D) imino
and two-dimensional (2D) nuclear Overhauser effect spectroscopy
(NOESY) spectra were acquired using the excitation sculpting
water suppression method [18]. For studying the non-labile pro-
tons, the solvent was exchanged with a 99.96% D2O buffer solutionand a 2-s presaturation pulse was used to suppress the residual
HDO signal. 2D NOESY spectra were acquired with a data size of
4096  512 and a mixing time of 800 ms unless otherwise speci-
fied. The acquired data sets were zero-filled to give 4096  4096
spectra with a cosine window function applied to both dimensions.
Backbone 31P signals were assigned using 2D total correlation
spectroscopy (TOCSY) with a mixing time of 75 ms and 1H-31P
heteronuclear single-quantum coherence (HSQC) experiments.
The 31P spectral width was set to 6 ppm and a data size of
4096  200 was collected. 31P chemical shifts were indirectly refer-
enced to DSS using the derived nucleus-specific ratio of
0.404808636 [19].
Variable temperature 1D 1H experiments were performed from
0 to 75 C at a step size of 2.5 C in order to determine the thermal
stability of (CCTG)2. Thermodynamic parameters were obtained by
fitting the melting curves using MELTWIN version 3.5 software
[20].
2.3. Native gel assay
Native gels composed of 25% polyacrylamide were prepared to
investigate the oligomeric state of (CCTG)2, CTTG(CCTG)2 and
(CCTG)2CTTG. The DNA samples for native PAGE were prepared in
the same buffer solution as for NMR studies. For the reference lane,
a self-complementary 8-base pair duplex d(CGCTAGCG)2 was pre-
pared in the same buffer solution with 150 mM sodium chloride.
To maintain the pH at 7.0, PAGE was conducted at ambient tem-
perature using an electrophoresis buffer containing 9 mM pipera
zine-N,N0-bis(2-ethanesulfonic acid) (PIPES), 20 mM bis(2-hydro
xyethyl)-amino-tris(hydroxymethyl)-methane (Bis–Tris) and
1 mM ethylenediaminetetraacetic acid (EDTA). The concentrations
of all DNA samples were kept at 0.4 mM. DNA bands were visual-
ized by staining the gels with stains-all solution.3. Results and discussion
In this study, high-resolution 1H and 31P NMR spectroscopic
investigations were conducted to reveal the solution structures of
(CCTG)2, CTTG(CCTG)2 and (CCTG)2CTTG. The results from native
gel analysis show that all three sequences adopt a monomeric con-
formation (Supporting Information, S1). Sequential assignments
were made from the H6/H8-H10 fingerprint regions in 2D NOESY
spectra in D2O and/or H2O using standard methods [21,22]. Based
on the H30 assignment results from TOCSY, the backbone 31P sig-
nals were assigned using 1H-31P HSQC spectra (Supporting Infor-
mation, S2 and S3).
3.1. (CCTG)2 forms a mini-dumbbell structure composed of two CT
loops
Instead of being unstructured or a random coil, (CCTG)2 was
found to fold into a mini-dumbbell structure containing two type
II CT loops (Fig. 2A). The CT loops are similar to the one formed
in the DNA hairpin d(CG CCTG CG) [16] in which the thymine
stacks over the base plane of CG loop closing base pair, while the
cytosine is located in the minor groove, positioning itself approxi-
mately perpendicular to the loop closing base pair. This was evi-
denced by the unusually downfield 31P signals of C2 (2.72 ppm)
and C6 (3.05 ppm), and the unusually upfield 31P signals of T3
(5.58 ppm) and T7 (5.58 ppm) (Fig. 2B) when compared to
those of random coils (3.87 to 4.15 ppm) [23]. These unusual
31P chemical shifts show the special backbone features of type II
loop [16,24]. In addition, the unusually downfield H10 signals of
C2 (6.45 ppm) and C6 (6.46 ppm), and the unusually upfield H10
signals of T3 (5.43 ppm) and T7 (5.64 ppm) (Fig. 2C), when com-
Fig. 2. (A) (CCTG)2 forms a mini-dumbbell structure composed of two type II CT loops (left). In this type II loop, the thymine residue stacks over the CG loop closing base pair
and the preceding cytosine is positioned in the minor groove (right). (B) The unusually downfield C2 and C6 and upfield T3 and T7 31P signals support the formation of two CT
loops. (C) NOESY fingerprint region shows the sequential resonance assignments, the unusually downfield C2 and C6 and upfield T3 and T7 H10 , and the 30 to 50 terminal NOEs
of G8 H8-C1 H5 and G8 H10-C1 H6. (D) The mini-dumbbell structure was further supported by G8 H20/H200/H8-C1 H6 terminal NOEs. (E) The imino signals at 13.20 ppm
belong to G4 and G8. For the CT loops, the characteristic T3 and T7 imino and methyl signals appear at 10.98 and 1.38 ppm, respectively. The intensity scale of imino was
increased by fourfold. All spectra shown here were acquired at 0 C.
Table 1
Thermodynamic results of the mini-dumbbells formed by (CCTG)2 and (TTTA)2.






(CCTG)2 22.2 ± 0.9 27.2 ± 0.8 77.8 ± 0.7 3.44 ± 0.07
(TTTA)2 18.1 ± 0.4 24.7 ± 0.6 71 ± 2 2.65 ± 0.03
a The results of (TTTA)2 were extracted from Ref. [11].
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into the characteristics of type II loop. Owing to the sharp turn in
type II loop, the sequential NOEs of C2 H10-T3 H6 and C6 H10-T7
H6 are very weak, and T3 H10-G4 H8 and T7 H10-G8 H8 are missing
in the 2D NOESY spectrum (Fig. 2C).
The dumbbell structure was further supported by the 30 to 50
terminal NOEs including G8 H8-C1 H5, G8 H10-C1 H6 (Fig. 2C)
and G8 H8/H20/H200-C1 H6 (Fig. 2D). Besides, the thymine imino
and methyl proton signals at 10.98 and 1.38 ppm, respectively,
(Fig. 2E) are consistent with those observed in the type II loops
[10,27]. The imino proton signals of G4 and G8 appear in the Wat-
son–Crick imino region at13.20 ppm, suggesting the formation of
Watson–Crick CG loop closing base pairs.
3.2. Thermodynamic stability of the mini-dumbbell
The variable temperature 1D 31P spectra of (CCTG)2 show that
the dumbbell structure almost completely unfolds at temperatures
above 45 C as the 31P signals of C2, T3, C6 and T7 merge with the
main band (Supporting Information, S4). In order to determine the
thermodynamic parameters of the mini-dumbbell, variable
temperature 1D 1H NMR experiments were conducted and two
melting curves were constructed based on the methyl H7 chemical
shifts of T3 and T7 (Supporting Information, S5). The melting tem-
peratures (Tm), Gibbs free energy changes (DG), changes in
enthalpy (DH) and entropy (DS) were extracted from curve fit-
tings. The average Tm was found to be 22.2 ± 0.9 C whereas the
DG was determined to be 3.44 ± 0.07 kcal mol1 at 37 C
with a DH of 27.2 ± 0.8 kcal mol1 and a DS of
77.8 ± 0.7 cal K1 mol1 (Table 1). By analyzing the pyrimidineH6 chemical shifts, similar thermodynamic results were also
obtained (Supporting Information, S5).
By comparing the thermodynamic results of the dumbbell
formed by two TTTA repeats [11], the Tm of the dumbbell formed
by two CCTG repeats was found to be 4 C higher and the DG
was 0.8 kcal mol1 lower. Since the type II CT loop has been
found to be less stable than TT loop [17], the more stable CCTG
mini-dumbbell suggests that the CG loop closing base pairs have
a better stabilizing effect than the TA base pairs in the TTTA
mini-dumbbell via stacking interactions (i) with the loop residues
and (ii) between themselves. Thereby, the loop closing base pair
plays a more significant role than the loop residues in the forma-
tion propensities of CCTG and TTTA mini-dumbbells.
3.3. Biological implications of the mini-dumbbell in CCTG repeats
The structural results of (CCTG)2 suggest that only two CCTG
repeats are required to fold into the mini-dumbbell structure. This
mini-dumbbell, if occurs upon slippage in the nascent strand dur-
ing DNA replication, will serve as an intermediate to stabilize the
slipped strand structure, thereby increasing the chance of expan-
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explain how the participation of this mini-dumbbell in (i) two-
repeat (Fig. 3A), (ii) one-repeat (Fig. 3B), and (iii) three or larger
size repeat (Fig. 3C) expansions.
First, the mini-dumbbell can occur via simply a slippage of two
repeats in the nascent strand during DNA replication (Fig. 3A).
Thereby, the mini-dumbbell intermediate provides a possible
pathway for the occurrence of two-repeat expansion. This is anal-
ogous to our earlier findings that only two TTTA repeats are
required to fold into a mini-dumbbell structure [11], which proba-
bly accounts for the observed two-repeat expansion in the coding
region of icaC gene of Staphylococcus aureus mutants [28].
Second, if we consider a segment of three repeats in CCTG
repeats, both the first two and the last two repeats should have
equal chance to form the mini-dumbbell. Fast exchange between
these two competing mini-dumbbells requires the unfolding and
refolding of the first and third repeats while the second repeat
remains folded. Thereby, a mini-loop involving only the folding
of the second repeat will be formed, serving as a structural inter-
mediate which leads to one-repeat expansion (Fig. 3B). Together
with the mini-dumbbell intermediate (Fig. 3A), the predominant
one and two-repeat expansions observed in in vitro primer exten-
sion studies [29] can be reasonably explained.
In fact, such fast exchange between two competing mini-
dumbbells has been observed in the DNA sequence containing
three TTTA repeats [11]. The resulting mini-loop intermediate pro-
vides a possible explanation for the observed one-repeat expansion
in S. aureus mutants [28]. Yet, this mini-dumbbell exchange was
not observed in the NMR studies of the sequence containing three
CCTG repeats [10], probably due to the unfolding and refolding of
the first and third repeats were hindered by the interactions
between these two repeats in the slipped hairpin structure
(Fig. 1A). To verify this, we prepared the sample CTTG(CCTG)2 by
substituting the second cytosine in the first CCTG repeat with a
thymine so that the interactions between the first and third
repeats would be weakened while the first repeat could still have
the ability to form a type II TT loop. However, the first and third
repeats still interact favorably with each other, hampering the for-
mation of mini-dumbbell in this sequence (Supporting Informa-
tion, S6).Fig. 3. Proposed pathways for different sizes of CCTG repeat expansions via the formation
leads to the formation of mini-dumbbell, providing a pathway for two-repeat expansio
three repeats (in blue) results in a mini-loop intermediate that brings about one-repeat e
dumbbell and mini-loop. Similarly, these unusual structures can occur at multiple sitesAlternatively, we prepared another sample (CCTG)2CTTG by sub-
stituting the second cytosine in the third CCTG repeat with a thy-
mine. In this regard, the shifting C-bulge in the stem of the original
slipped hairpin structure was removed and the interactions
between the first and third repeats were weakened. Our NMR
results show that on one hand, these two repeats can still interact
to form a flexible hairpin stem with a relatively unstable tandem
CT and TT mismatches [30] (Fig. 4A). On the other hand, the third
repeat can fold into a TT loop, resulting in a mini-dumbbell struc-
ture with a 50-overhang (Fig. 4A). At 25 C, the sequential NOE
assignments were completed (Fig. 4B), suggesting no bulge forma-
tion in the hairpin stem. Compared to T7, T11 H10 was found to be
less upfield due to the exchange between the hairpin and mini-
dumbbell requires the unfolding and refolding of the third repeat.
Upon lowering the temperatures, the 31P signals of C6 and T10
shifted more downfield and those of T7 and T11 shifted more
upfield (Fig. 4C), suggesting an increase in the mini-dumbbell pop-
ulation. As indicated by the 31P (Fig. 4C) and 1H (Fig. 4D) peak
broadenings at lower temperatures, the mini-dumbbell was found
to undergo moderate conformational exchange with the hairpin
conformer. As a result, in a segment of three repeats in a CCTG
repeat tract, the formation of mini-dumbbell is indeed possible.
Third, if both the mini-dumbbell and mini-loop co-exist in CCTG
repeats, three repeat expansion can occur (Fig. 3C). Similarly, larger
size repeat expansion can also occur if the mini-dumbbell and
mini-loop exist at multiple sites in CCTG repeats. It has been
well-known that the expansion of CCTG repeats in DM2 is extre-
mely unstable and variable [7] and therefore multiple expansion
pathways may exist. Previously, the slipped hairpin structure
formed by three CCTG repeats and the dumbbell structure adopted
by four CCTG repeats suggest how repeat expansion can occur at a
step size of three and four repeats, respectively [10]. In this study,
we have further demonstrated that CCTG repeats can form two
other non-B structures, including (i) the mini-dumbbell adopted
by simply two repeats, and (ii) the mini-loop resulted from the fast
exchange of two competing mini-dumbbells in a segment of three
repeats.
In DM2, the CCTG tract is located in the ZNF9 gene and is gen-
erally interrupted in healthy range alleles by GCTG, TCTG or ACTG
motifs [3,31,32]. The largest identified allele contained 32 CCTGof mini-dumbbell. (A) Slippage involving two repeats (in red) in the nascent strand
n. (B) Fast exchange between two competing mini-dumbbells within a segment of
xpansion. (C) Three-repeat expansion can occur via the formation of both the mini-
, leading to larger size repeat expansions.
Fig. 4. (A) After substituting C10 with T10, (CCTG)2CTTG was found to undergo conformational exchange between the hairpin and mini-dumbbell conformers. (B) The NOESY
fingerprint region shows the complete sequential assignments at 25 C. (C) The unusually downfield C6 and T10, and upfield T7 and T11 31P signals support the formation of
mini-dumbbell. At lower temperatures, the mini-dumbbell conformer became more populated as suggested by the more downfield C6 and T10 and more upfield T7 and T11
31P signals. (D) Variable temperature 1H spectra show the imino, aromatic and methyl regions. Peak broadenings were observed at lower temperatures due to the slower
conformational exchange. The intensity scale of the imino region was increased by fourfold.
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formed in interrupted CCTG repeats can be caught and fixed easily
by mismatch repair (MMR). However, if the mini-dumbbell is
formed in uninterrupted large-sized alleles (containing 55 to more
than 11000 CCTG repeats) which are considered to be possible
DM2 premutations [33], we expect that the mini-dumbbell can
shift continuously in the 50 or 30 direction with its adjacent CCTG
repeats, providing an efficient escape pathway from MMR. In con-
trast to DM1 CTG repeats, correct repair, escaped repair and error-
prone repair were all observed in in vitro analysis of the fidelity by
which slipped intermediates were processed by human cell pro-
teins [34]. These repair pathways depend on CTG slip-out compo-
sition and nick location and therefore contraction of the expanded
repeats will sometimes occur via error-prone MMR.
In short, the results of this study reveal the ability of CCTG
repeats to form diverse non-B secondary structures contributes
to the origin of genetic instability in CCTG repeats.Acknowledgement
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